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Introduction

Inasurvey of 970 US Army rotary-wing mishaps from 1987-1995 (Durnford et al., 1995;
Braithwaite, Groh, and Alvarez, 1997), 30% of the mishaps were considered to have had spatia
disorientation asamagor or contributory factor. On average, spatid disorientation costs the US Army
14 lives and $58 million each year. When classfying these mishaps by phase of flight, 25% of spatiad
disorientation mishaps occurred during drift and/or descent in hover, which was the second largest
group of al mishaps (Figure 1). Hovering flight is didtinctive to vertica landing and take- off aircraft such
as helicopters and the AV8B Harrier. The importance of spatid disorientation and countermeasures for
this phase of flight is critica for safe operations of the next generation vertica landing and take-off
arcraft, such asthe Joint Strike Fighter variant for the United States Marine Corps and the Roya Air
Force.

AN

Flight into the ground

Drift and/or descent in hover

Recirculation

IMC related events

Taxi and hover taxi

Other

Flight over water

0 10 20 30 40

% of spatial disorientation accidents

Figure 1. Typesof spatia disorientation accidents (from Braithwaite, Groh, and Alvarez, 1997).

When considering spatid disorientation mishepsin vertical landing and take-off aircraft, one must
remember that ingrumentation in these aircraft have come from the traditiond fixed-wing aircraft. New
ingrumentation designed for the hover phase of flight has been restricted to the development of
symbology on MultiFunction Displays (MFDs) and Hemet Mounted Displays (HMDs). This has
provided a partia solution but has not diminated the problem of spatid disorientation in hover flight.
Even though information to assist orientation during hover is presented in the Integrated Helmet and
Display Sighting System (IHADSS) of the AH-64 hdlicopter, often it is not interpreted correctly or is
even ignored (Braithwaite, Groh, and Alvarez, 1997). Thereisacritica need for the development of
new indrumentation to provide drift and/or descent cues during hovering flight.

The Tactile Situation Awareness System (TSASY) is an advanced flight instrument that uses the
sensory channel of touch to provide Stuation awareness information to pilots (Rupert, Guedry, and
Reshke, 1994; Rupert, Mateczun, and Guedry, 1990). The TSAS concept is shown in Figure 2. The

! Pronounced Tee - Sas.



TSAS system accepts data from various arcraft sensors and presents this information via tactile
gimulators or “tactors’ integrated into flight garments. TSAS has the capability of presenting a variety
of flight parameter information, including, attitude, dtitude, velocity, navigation, acceleration, threat
location, and/or target location.

1
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LOCATOR
SYSTEM

2 3
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ELECTRONICS
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»
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Figure 2. TSAS Concept

Usng TSAS, test demonstration pilots have demonstrated improved navigation during complex
mission conditions. The tactile display has been shown to increase Situationa awareness (SA) and
provide the opportunity to devote more time to other instruments and systems when operating in task
saturated conditions. The TSAS system reduced user workload and thus has the potentia to increase
mission effectiveness. TSAS has the capatiility of providing awide variety of misson parameter
information, for example: attitude, dtitude, navigation, threat location, and targets. TSAS, integrated
with visual and audio display systems, will provide critical information at the right time viathe
underutilized sensory channel of touch, and represents the next generation of human systems interface
(Rupert et d., 1996; Rq et al., 1998b; Griffin et d., 2001).

The Joint Strike Fighter (JSF) technology maturation program sponsored the TSAS research team
to integrate tactile and sensor technologies to demongtrate the operationd utility of an advanced human
systemsinterface for hover operations in reduced vishility.

The JSF program was chartered to enable the development and production of a next-generation
grike aircraft for the US Air Force, US Marine Corps, US Navy, United Kingdom, and alied nations.
The JSF technology maturation program conducted a series of anayses and demondirations aimed at
laying the foundation for mature, affordable technol ogies and other conceptsin support of the JSF
arcraft. The JSF Flight Systems Integrated Product Team (FSIPT) is a multi- service, multi-agency,
group of government and industry representatives, working together to develop safe, reliable, affordable
flight systems technologies that meet the aviator needs for the JSF. The FSIPT includes traditiond,



advanced, and integrated subsystems, and cockpit/aircrew systems (Haven and Smith, 1996). The
FSIPT managed and participated in the JISF TSAS flight demonstration.

The JSF TSAS project was conceived as a short-duration technology integration and flight
demonstration program. The JSF TSAS project was not intended to conduct basic research, but rather
to integrate and demondtrate technologies that had previoudy been developed. Figure 3 showsthe
higtorica research programs relevant to JSF TSAS.
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Figure 3. Research programs related to the JSF TSAS project.

The focus of the JISF TSAS flight demonstration project was to demonstrate reduced pilot
workload and enhanced Stuation awareness during hover operationsin poor vishility conditionswith
the use of TSAS, and to provide ingght into the impact of TSAS technologies on asingle-seat arcraft.
The specmc objectives of the JISF TSAS flight demondtration program were to demonstrate:

The potentid for TSAS technology to reduce pilot workload and enhance Situation awareness
during hover and trangtion to forward flight.

That apilot usng TSAS can effectivdy hover and trangtion to forward flight in avertica lift
arcraft with degraded outside visua cues.

The feashility of integrating tactile insrument technology into military flight garments.

The JSF TSASflight demondtration project integrated an array of tactors, F-22 cooling vest, and
Globd Postioning SystenvInertia Navigation System (GPS/INS) technologiesinto asingle sysemina
UH-60 helicopter. A 10-event test operation was conducted to demongtrate the utility of this advanced
human machine interface for performing hover operationsin asingle-seet Vertica/Short Take Off and
Landing (V/STOL) arcraft. Thefirg flight of the TSAS-modified UH-60 was 9 September 1997, and
10 flight test events were successfully completed by 19 September 1997. The methods, results and
discussion for the JSF TSAS flight demondtration project are presented in this report.



The successful achievement of JSF TSAS project objectives required the use of adud Sation
vertica lift aircraft with associated flight test support that would alow timely completion of the project
within afixed budget. The TSAS planning team established demonstrator aircraft criteria that were used
in evauating avariety of candidate flight test aircraft. Use of these criteriaresulted in the decison to use
the UH-60 aircraft at the United States Army Aeromedica Research Laboratory (USAARL) located at
Fort Rucker, Alabama, that provided a complete flight demonstration package at the lowest cost.
Bendfits of usng the USAARL UH-60 arcraft included:

Dual-seat capability enabling the addition of a safety pilot, who doubled as an ingtructor pilot, to
provide real-time assistance to TSAS demondtration pilots.

Previous integration and test experience with tactile insruments (Rg et d., 19984).

Aircraft avalability.

Low integration and flying time codts.

Tedting the TSAS tactile instrument in a harsh environment.

The USAARL flight test facility aso provided multiple benefitsincluding:

Complete on-gte aircraft modification and maintenance, and avionics hardware and software
test capability.

On-gteflight test planning, data collection and andysis, and reporting capability.

The availability of United States Army hdlicopter pilots.

Motion-based UH-60 smulator.

The JSF TSAS flight demongtration project integrated an array of pneumatic vibro-tactile tactors,
an F-22 cooling vest, and GPSINS technologies into a single system in a UH-60 helicopter. A 10-
event test operation was conducted to demonstrate the utility of this advanced human-machine interface
for performing hover operations.

System description and integration

The following sections describe the test aircraft, TSAS, and integration requirements, including
ground-based testing systems.  The components that made up the TSAS system were integrated into
the UH-60 as shown in Figure 4. The TSAS system took data from a commerdd off-the-shelf
(COTS) GPYINS, aswdl asfrom the aircraft itself, to caculate the helicopter velocity. This
information was displayed via pneumaticaly driven tactors mounted in an F-22 cooling vest. The
tactors were arrayed around the torso in eight columns. Location of the tactor on the torso was used to
indicate direction of helicopter drift, and tactor activation pulse pattern was used to indicate magnitude
of the helicopter drift. The TSAS tactor display used in thisflight test was designated NP-1.
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Figure 4. JSF TSAS NP-1 architecture.

UH-60 aircraft

The USAARL UH-60 research arcraft (Figure 5) is atwin turbine engine, single rotor, semi-
monocoque fuselage, rotary-wing helicopter manufactured by the Skorsky Aircraft Company. The
arcraft is designed to operate with a crew of three: pilot, copilot, and crew chief. In that origind
configuration, it can carry 11 combat equipped soldiers. The primary misson of the aircraft is the

trangport of troops, supplies, and equipment. Other missions include training, mobilization, and concept

development, aswell as medica evacuation and disaster reief.

Themain rotor system has four blades that are congtructed of titanium and fiberglass. Two T700-

GE-700 engines supply propulsion. The UH-60 has a nonretractable landing gear system consisting of
two main landing gear and atail whed. The max grossweight of the aircraft is 22,000 pounds. The

pilot and copilot have controls for flying the aircraft. The aircraft isfully instrument rated at either pilot’'s
dation. The aircraft is equipped with an Automatic Hight Control System (AFCS), which enhancesthe

gability and handling qudities of the helicopter.




Figure 5. USAARL UH-60 research aircraft.

The USAARL research aircraft (Figure 5) has been fitted with a custommade Airborne
Instrumentation System (AlS). Hight parameters can be derived from the main aircraft sysemsto
provide an indication of flying performance, and input ports are aso available for monitoring
physiologicd data from a suitably equipped pilot. The data can be recorded onboard or relayed via
telemetry directly to the ground. The flight parameter data can aso be converted to RS-232 datato
drive on-board devicessuch as TSAS. Equipment ingtdled in the USAARL UH-60A included the:

- 115Voalt 60 Hz AC inverter that supplied power to the TSAS NP-1.

AlSthat supplied andog data from the aircraft instruments.
PL-1000 that digitized the AIS data and transmitted these data over an RS-232 sexid
communications port to the TSAS NP-1 computer.

Foggles

To reduce outside visud cues and smulate Instrument Meteorologica Conditions (IMC), the
TSAS demondtration pilots were required to wear "foggles.” Foggles are sandard Army issue aviator
glasses with a semi-opague film (Ryser Optik, St. Gallen, Switzerland ~0.1) applied to the upper two
thirds of the glasslens. This reduced the pilot’s outside visud acuity to 20/200 while maintaining inside
visud acuity a 20/20. To further reduce outside visud cues, the chin bubble was aso covered with an
opaque pladtic lining to prevent the pilot from receiving visuad motion cues by looking down (Figure 6).



Figure 6. UH-60 chin bubble with opague plagtic lining.
TSAS NP-1 sensor

To provide aircraft performance data to the tactile display, a GPSINS system with Differentia
GPS (DGPS) corrections was integrated with the UH-60 and TSAS. The GPSINS was a Boeing-
North American, Modd C-MIGITS-I1 that was connected to a Bal Aerospace, Model AN496C
passive patch antennawith a 150 mm conica ground plane. The DGPS corrections were provided by
aUS Coast Guard differential beacon receiver, Starlink, Inc., Model DNAV-212G with a+AMBA-4
Antenna,

Boeing North America, Inc., Autonetics and Missile Systems Division, has developed the C-
MIGITS-1I GPSINS Tactica System using the latest solid state inertia sensor technology integrated
with advanced GPS engines. The C-MIGITS |1 contains afive channe, coarsefacquisition code, L1
frequency GPS engine, and adigita Quartz IMU. Thetwo subsystems are integrated using a Kaman
filter process to produce a smdl, lightweight, synergistic guidance, navigation and control sysem. These
proven off-the-shelf products integrated into one package trandate into affordability and low risk. C-
MIGITSII provides al essentid guidance, navigation and control data, including three-dimensona
position and velocity, precise time, attitude, heading, angular rate, and acceleration.

Many guidance and control problemsin the past have been addressed with stand-alone INS or
GPS solutions; however, the inherent characteristics of each system do not provide an idedl guidance,
navigation and control solution. By properly integrating the INS and GPS systems, the strengths of one
can offsat the deficiencies of the other. An INSis generdly characterized as a self- contained,
autonomous navigator, whose position and velocity outputs will degrade over time. Alternatively, the
GPS, which is generdly described as a navigator relying on externd satellite sgnas, produces high
accuracy solutions and is time independent. When the two systems are combined, the GPSINS system
will limit the INS error growth, and provide a continuous navigation solution when GPS sgnds are not
available. In addition, high-speed attitude, velocity, angular rate, and acceleration are available at
accuracies not achievable by GPS done.



The DGPS recaiver, Starlink DNAV-212, contains a Starlink MRB-2A differentia beacon that
providesthe differentia correctionsto the C-MIGITS 1. The MRB-2A providesrdiadlefully
automatic DGPS beacon selection. The MRB-2A beacon receiver uses two channd s to ensure that the
automatically sdlected beacon is providing reliable DGPS correction deta. Channel one continuoudy
tracks the selected beacon and outputs the correction data for the C-MIGITSI1. Channel two
continuoudy scans the beacon frequency range, measuring each of the receivable beacon sgnds. If and
when anew sgnd with better performance is detected, channel one will switch to it.

DGPS works by placing a high performance GPS receiver (reference station) at a known location.
Since the receiver knowsiits exact location, it can determine the errorsin the satdllite Sgnds. 1t does
this by measuring the ranges to each satellite using the sgnals recaived and comparing these measured
ranges to the actua ranges caculated from its known pogtion. The difference between the measured
and cdculated rangeisthe totd error. The error data for each tracked satellite is formatted into a
correction message and transmitted to GPS users. The correction message format follows the standard
established by the Radio Technica Commission for Maritime Services, Specid Committee 104
(RTCM-SC 104). These differentia corrections are then gpplied to the GPS caculations, thus
removing mogt of the satdllite sgnal error and improving accuracy. The leve of accuracy obtained for a
C-MIGITS Il with DGPSis 2.5 meters for position and 0.025 meter/sec for velocity.

TSAS NP-1 hardware

The tactor control hardware NP-1 was developed and tested in the three months prior to the flight
tes. Thisinterface rdied heavily on COTS components due to the short timeline. Emphasison
individua component ruggedization and eectromagnetic shidding minimized system integration time for
placement in the harsh environment of arotary-wing aircraft. The Nava Aerospace Medical Research
Laboratory (NAMRL) Engineering Prototype Facility, and the USAARL Biomedica Technology
Fabrication Shop developed and fabricated components of the TSAS NP-1 hardware, and Coastal
Systems Station (CSS), Panama City, Florida, and University of West Florida, Ingtitute for Human and
Machine Cognition (UWF-IHMC) provided COTS component procurement support.

The TSAS controller, a Pentium-based ruggedized portable computer manufactured by Kontron
Elektronik GmbH, Mode 1P Lite CW5, received flight information from the UH-60 AlS and the C-
MIGITS viaRS-232 serid ports, and custom software determined which tactors should be activated to
indicate a given velocity. The software then activated the appropriate digita lines that control the tactors
viaaNationd Instruments Model PC-DIO-96 digitd 1/0 board. These digital instructions provide the
control signalsto the pneumatic control solenoid vaves (Amatrix Corp., mode MK
754.8XTD424.B03) via dedicated valve speed-up circuitry (Amatrix Corp., modd UDB 8010). This
set up dlowsindividud solenoids to switch at up to 200 Hz.  Each tactor connects to two valves, one
connects to a positive pressure source, and the other connects to a negative pressure source.

The differentid pogitive and negative pressure sources are created and maintained by a Medo
USA, Inc., modd VP0625UL, compressor/vacuum pump connected to two accumulator/manifolds
(onefor high pressure, one for low pressure). A manud bleed vave attached to each



accumulator/manifold controlled the airflow through the accumulator, dlowing pressure levelsto be set
at gpproximately +13.8 kPa. Polyurethane tubing connects the manifolds to the solenoid vaves for
digtribution to the individud tactors.

In addition, the NP-1 carried a Carleton Life Support Technologies, model 100C1183-1, blower
that provides ventilation to the pilot viathe Tactor Locator System (TLS). A 3 VDC battery-pack on
the NP-1 provided backup power to the C-MIGITS Il to maintain the last position in memory,
therefore reducing satdlite acquidition time on gart-up. A 115 VAC, 60 Hz power, supply pass-
through outlet on the plate powered a video camcorder for flight documentation.

TSAS NP-1 software

The UWF-IHMC was tasked with developing the TSAS software, and they provided the materia
for thissection. The TSAS software was implemented in C++ on a QNX red time operating system,
and may be separated into four components as shown in Figure 7. The sensor modules are responsible
for providing information about the redl world to the TSAS controller. The TSAS controller module
feeds the input to one of many agorithms. The agorithms can be selected and controlled by the
operator using a Graphical User Interface (GUI). Based upon the input, the agorithm sends commands
to the TSAS driver to activate tactors. The TSAS driver executes any commands received from the
TSAS controller and generates the necessary eectricd sgnds that feed to the TSAS hardware. The
TSAS driver aso receives feedback information from the TSAS eectronics, which is sent back to the
TSAS controller. Currently, this feedback information provides notification about tactor faillures. The
TSAS GUI module provides agraphica user interface to the test operator.
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Figure 7. JSF TSAS NP-1 software architecture

JSF TSAS tactor locator system



The TLSfor the JSF flight demongtration consisted of an off-the-shelf F-22 cooling-heating
coverd| garment assembly (Figure 8: Mustang Survivd, Inc., modd CMU-31/P). The garment was
modified to place an array of 22 pneumatic tactors (Carleton Technologies, model 2856-A0) within its
gructure. Both the pneumatic tactor umbilical and the ventilation air hose terminate in quick disconnect
connectorsto alow rapid unencumbered egress of the pilot in case of emergency. Thetactor array
conggts of eight columns of two tactors, plus six additiona spare tactors, three on the front and three on
the back. The TLStactor columnsfal on the front, front-left, left, back-l€eft, back, back-right, right, and
front-right of the demondtration pilot to provide directiond information in 45° increments. The TSAS
TLSwasworn on the torso over an undershirt, and underneeth the flight suit as shown in Figure 9.

Cooling Air
Distribution
Matrix
[—— Tactors
Elastic
Pneumatic | Belts
Tactor Umblical =™
with
Quick Disconnect
T Cooling Air

Hose

Figure 8. JSF TSAS tactor locator system.

Figure 9. TSAS demondration pilot showing TSAS tactor locator system.

Carleton Technologies pneumetic tactor
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The Carleton Technologies pneumatic tactor, modd 2856-A0 (Figure 10) conssts of a
hemispherica shaped molded plagtic shell with adiameter of 31mm. A latex membrane covers the
concave area of the shell. Theair supply tubing (2.4mm ID 4.0mm OD) attaches to the topside of the
tactor. Oscillatory compressed air is driven into the tactor that forces the latex membrane to vibrate. A
strong tactile sensation is achieved when the tactor membrane vibrates at 50 Hz. Tactor weight was 2g.

Figure 10. Carleton Technologies moded 2856-A0 pneumatic tactor.
Tactor selection

There are primarily three types of tactors available: dectromagnetic, pneumatic, and direct
electrica simulation. For this JSF TSAS flight demondiration effort, four companies were identified that
were able to deliver a Sate-of-art tactor.

Audiologica Engineering produces a vibro-mechanica tactor (Tactaid) that uses an
electromagnetic system that vibrates the entire tactor case. This produces a diffuse tactile sensation.
Thistactor was smal and lightweight and was used extensively in laboratory testing when a high number
of tactors were required. The Tactaid had been used previoudy in a helicopter flight demongtration to
disolay secondary flight information (Raj et a., 1998b), however its diffuse tactile sensation was
deemed unsuitable for primary flight information during JSF TSAS laboratory testing.

Engineering Acoustics, Inc. (EAI) produces a vibro-mechanica dectromagnetic tactor (AT-96)
with an indent button contacting the skin. This produces alocdized tactile sensation. Thistactor has
excdlent frequency and amplitude control and was used extensvely in laboratory testing. However, its
large individud sze and high weight coupled with alow intengty tactile sensation deemed it unsuitable
for actud flight testing. Based on JSF TSAS laboratory testing feedback, EAI have produced an
improved tactor (C2) that overcomes many of the limitations of the AT96. This tactor would be
suiteble for future flight testing.
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Unitech Research produces a direct eectricd tactor (Audiotact). These tactors produce a strong
intengty tactile sensation in asmadl lightweight tactor. However, the range between absolute threshold
and painisvery samdl, and moreover, this dynamic range of usability varies with skin environmentd
conditionsincluding sweating. Whét feds like a strong tactile sgnd changes to a painful sensation due
to the skin sweating. Unitech Research proposes the use of an dectrolyte gel to minimize the tectile
sensation variation with skin environmenta conditions. The gel worked wdll in the laboratory, but was
deemed impracticd for actud flight. The ectrocutaneous tactor is an emerging technology with
benefitsin size, weight and strength of tactile sensation but was not sufficiently mature for the JSF TSAS
flight demondration. Due to its superiority in Sze and weight, further development to overcome the
sensation range limitations is warranted.

Carleton Technologies Inc. produces a pneumatic vibro-mechanica tactor (model 2856-A0)
[previoudy described]. These tactors are robugt, lightweight and produce a strong intengity tactile
sensation. Laboratory evauation demondrated that the pneumatic tactor, modified to use a nitrile rather
than latex membrane, was the most suitable tactor available for the JISF TSAS flight demongtration.

JSF TSAS tactile dgorithm

Using helicopter handling qudlities theory, and amulator testing described in the following section,
an adequate tactile algorithm to meet project goals was developed. Tactile dgorithm is defined asthe
tactor positions, pulse or activation patterns, carrier frequencies, waveforms and amplitudes chosen to
display a particular aircreft flight parameter. Tactor pulse pattern is defined as the rate of turning the
tactor on and off. It is separate from the carrier frequency, which represents the vibration frequency of
the tactor when the tactor ison. For example, the pneumatic tactor has a fixed carrier frequency or
vibration of 50 Hz, but the tactor can be turned on and off once per second, thus the pulse patternis 1
Hz, separate from the carrier frequency.

The development of new instrumentation to provide drift and/or descent cues during hovering flight
isrequired to improve the safety of flight and reduce pilot workload, especidly in degraded visud
conditions. When visua cues degrade, considerable additiona pilot workload is required for low speed
and hover tasks (Aeronautica Design Standard ADS-33D, 1994; Hoh and Mitchell, 1996). The UH-
60 aircraft used for thisflight demongtration, like most modern V/STOL aircraft, is equipped with an
AFCS that enhances the hover stability and handling qudities. However, the pilot must till visudly
perceive very smdl drift velocitiesin order to perform low speed and hover flight operations (Hoh and
Mitchell, 1996). In addition, mishap statistics show that for safe hover operations the criticd factor is
undetected drift, and this accounts for 25% of spatia disorientation mishaps in helicopters (Figure 1).
Therefore, helicopter drift velocities were deemed the most important tactile cue for safe hover flight
maneuvers.

Hovering is amaneuver in which the helicopter is maintained in nearly motionless flight over a
reference point at a constant atitude and heading. Control corrections by the pilot need to be applied
smoothly with congtant pressure rather than abrupt movements. Stopping and stabilizing a helicopter
requires lead-generation control inputs. For example, if the helicopter is moving right, adight amount of



left pressure on the cyclic will stop the right movement. Before the helicopter stops, |eft pressure must
be released or the helicopter will come to a stop, and then move to the left. Failure to dlow for the
arcraft lag will result in over-controlling (US Department of Transportation, 1978). To determine the
correct amount of pressure and to maintain lead generation on the controls during hover operations, the
helicopter pilot must detect smdl changesin velocity. Therefore, the helicopter rate of change of
velocity cues was aso deemed necessary to perform a stable hover. In degraded visua conditions,
such as a samooth surface at night, it is very difficult to hover, because the spatid resolution to see smdl
changesin velocity is not available, and even the best pilots over-control and get into pilot induced
oscillations.

As described earlier, the pneumatic tactor was selected due to its lightweight and strong tactile
sensdtion. The pneumatic tactor activation was fixed at the amplitude and carrier frequency (£13.8 kPa
sguare wave at 50 Hz) to provide the strongest tactile sensation. The fixed tactor amplitude, waveform
and frequency alowed only tactor position and pulse pattern as the tactor simulus variables that could
be used to display arcraft flight parameters.

To digplay the horizontal velocity vector using a tactile instrument, the components of the velocity
were separated, and then displayed using the available different tactile quaities. Tactor location was
used to indicate helicopter velocity direction, and tactor activation pulse pattern was used to indicate
velocity vector magnitude.

For horizonta velocity direction, atactor would be activated at alocation corresponding to the
velocity direction. For example, if the helicopter was moving left, two tactors on the left sde would
activate (Figure 11, column 7, green tactors); if the helicopter was moving forward, two tactors on the
abdomen would active (Figure 11, column 1, yelow tactors); and if the helicopter was moving right and
forward, the two 45 degree front-right tactors would activate (Figure 11, column 2, orange tactors).
Both tactors in each column fire smultaneoudy to provide a strong intengty tectile sensation and to
provide redundancy in the event of atactor failure. Having redundancy at each tactor location was
deemed necessary to minimize the risk of a*missed tactor.”

Tactor Column N

o O
| o0
.-b[j

FRONT AND SIDES BACK

Figure 11. JSF TSAStectile array.
Geldard (1960), and Sachs, Miller, and Grant (1980) reported that only three tactor amplitude

intengties are easly determined. Therefore, to display horizonta velocity magnitude, three tactor
activation puse patterns were used as shown in Figure 12. For example, if the hdicopter was drifting in
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the range 0.3 to 0.7 m/sec, the tactor would activate at 1 pulse per second. If the helicopter was
moving in the range greater than 0.7 to 2.0 m/sec, the tactor would activate at 4 pulses per second, and
if the helicopter was moving greater than 2.0 m/sec, the tactor would activate at 10 pulses per second.

In summary, if the helicopter was moving at 0.5 m/sec to the lft, the two tactors located on the | eft
sde of the torso would activate at 1 pulse per second.

Helicopter Tactor Pulse Pattern
Horizontal
Velocity(m/sec)

o oo T

o o e e T

0.3100.7 1Hz Ty
1 second
Greater than 0.7 to 2.0 4 Hz % ﬁ ﬁ ﬁ

ceaernanzo o GRARRAERRRE

1 second

Figure 12. JSF TSAS tactor pulse pattern.

As described earlier, rate of change of velocity cuesis aso needed by pilotsto stabilize a
helicopter in degraded visud conditions. Using the tactor digplay algorithm described above, the pilots
were able to recaive rate of change of velocity cues using the tactile instrument. As perceived by the
helicopter pilot, the rate of change of velocity is an important variable and in a subtle, but Sgnificant,
way is different from the classical definition of acceleration. For example, if the helicopter is drifting to
the left and is dowing down, the acceleration vector is directed towards the right, while the velocity
vector isto the Ieft. To maintain a stable and safe hover using the tactile insrument, the pilot needsto
know that the helicopter is drifting to the left and is dowing down. Therefore tactile cues to represent
veocity and rate of change of velocity should only be on the Ieft Sde of the body. During preliminary
development of the tactile algorithm in the smulator described below, displaying an acceleration cue on
the right while till drifting to the left was shown to confuse the pilot and render the tactile dgorithm
unintuitive,

Using the time or rate that the frequency of the tactor pulse pattern increased or decreased, the
pilot was able to infer rate of change of velocity cues. For example, if no tactors were activated, and
then the |eft tactors were activated at 1 Hz and quickly were followed by activation at 4 Hz, the pilot
was able to infer that the helicopter was not only moving to the left, but also that the helicopter was
accderaing. Thisrate of change of velocity cues was not asingantly intuitive as the velocity cues,
however, dl pilots learned to recognize and interpret the rate of change of velocity cues during ther first
UH-60 smulator session.
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Smulator testing

A series of UH-60 smulator sessions were conducted prior to the flight demonstration using the
Tactor Control Laboratory System (TCLS) and the UH-60 simulator at USAARL. The objectives of
the UH-60 smulator sessions were to:

Develop and evauate the tactile dgorithm to meet project goas.
Train pilotsin usng tactile cues in hover operations.
Evauate the safety of the JSF TSAS evduation flight test plan (Table 3).

During eech UH-60 smulator session, each pilot was asked to make quantitative comments related
to the smulator session gods of agorithm devel opment and flight test plan evauation. Due to time and
funding limitations set by the sponsor, Joint Strike Fighter, the smulator sessions were not intended to
be a scientific optimization of tactile displays, but a prototyping tool to achieve the god of a successful
flight demongration. Therefore, no quantitative flight performance data were recorded from these
smulator ons.

Tactor control |aboratory system

The CSS was tasked to build a system capable of evauating an exceptionaly wide range of tactile
gimulation devices and scenarios. It was designed for use solely in the laboratory environment of
NAMRL and USAARL with maximum flexibility, minima development time and cogt, and the ability to
support avariety of tactor types. CSS provided materia for this section.

Functiond requirements were:
- An 80 tactor drive capahility.
Six independent waveforms avallable.
All tactorsindividudly driven.
A 30V-30 A max drive requirement.
Loca control with remote control via Ethernet interface.
Allow future capaliility for diagnodtic testing.
Support real-time operating conditions.

The TCLS was designed to smulate potentia operationd scenariosin alaboratory environment and
alow extensve experimentation with a broad range of simulus characterigtics and patterns. There exist
alarge number of conceptual gpproaches to tactile stimulation in aerogpace conditions, and these
gpproaches have not been exhaudtively evaduated for suitability or merit. The TCLS wasintended to be
alaboratory tool that would alow evauation of conceptua approaches to tactile displays and guide the
development of TSAS implementations. Specificdly, the TCLS would eva uate the most appropriate
characteristics of the excitation waveform, such as wave shape (Sne, square, triangle, etc.), amplitude,
frequency, pulse pattern, and how theindividua tactor excitations may be used in concert with other
tactors to best convey the desired information. Consequently, the primary functions of the TCLS are to:

Provide a powerful computer to interface with various sensor systems, process sensor inpu,
and execute patterns of tactor excitation.
Respond to sensor input and change tactor excitation patternsin red time.
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Allow dynamic variation of the excitation waveforms used for each tactor.
Provide ameans of visudly verifying the excitation waveforms currently being used.

The TCLSis controlled by a Pentium-based computer that is equipped with multiple specia-
purpose signal processing Metrabyte boards (Kethley Instruments, Cleveland, OH), induding three
waveform generators, two digita 1/0O cards generators, and an analog-to-digita converter generator.
The computer/controller firgt initidizes the Six available waveforms and defines the patterns of tactor
excitation that will be used during the sesson. It then collects sensor input, analyses the data,
determines which, if any, tactor excitation pattern is required, and sends the necessary information to the
custom portion of the system. The custom components use a Versa Module Europa (VME) computer
backplane to link various andog and digital circuitry necessary to energize individua tactors on cue.

On the Metrabyte/VVME interface board, the control information is converted from the unique cabling
used by the Metrabyte cards to standard cabling more readily accessible to the VME components. The
control information is then passed to the logic boards, where the information is decoded to select
specific waveforms and energize the tactor. Next, the driver boards amplify the sgnds and supply
enough current to drive the tactors a optimal power levels. These amplified signals are routed through
the remapping panel and the VME/TL S interface board. The high power Sgnals leave the lab system
via connectors on the front door of the rack, and traverse an umbilica cableto the TLS, where
individua tactors fire according to the predetermined patterns.

Each logic/driver pair controls up to 16 tactors. Thefive pairs alow a maximum capability of 5x16=80
tactors, typicdly arranged with 64 tactors in an 8x8 matrix on the torso, and up to 16 auxiliary tactors
located, as required, elsawhere. The output of each logic/driver pair corresponds to two rows of
tactors. The TLS, on the other hand, is designed and assembled in columns, for increased rdiability and
ease of use. The remapping board and the associated VME/TL S interface board provide the
transformation between rows and columns, such that individua rows may be included or excluded a
will. Thisdlowsthe system to independently drive two 40 tactor TLSs smultaneoudy (sharing the same
6 waveforms), for even more flexibility in research. The system most readily supports tactors with a
30V-pesk drive requirement but may be used to smulate the dectrica interface of other tactor types,
such as pneumatic tactors. Furthermore, two basic driver types are currently available through plug-in
modules on the driver boards Field Effect Transstor (FET) (unipolar): driversfor typical battery-
powered tactors that operator unidirectiona, and op amp (bipolar) driversfor powered tactors that
operate bidirectionaly about a neutra postion. The system was designed for ease of use and maximum
versatility and can readily incorporate aternative tactor types with minima impact to the basic design.

The TCLS components were ingtdled in a 19-inch rack on wheds. The primary components
conss of the following:

Off-the-shelf hardware —
Computer/controller
Industrid rack-mount PC
Pentium 200 MHz processor
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SVGA video card

Metrabyte arbitrary waveform generator, dua outputs [3 each for atotd of 6 waveforms]
Metrabyte digitd 1/0, 96 output [2 each for atota of 192 outputs)

Metrabyte analog to digital converter, 64 inputs

Rack-mount 17" monitor

Keyboard & mouse

Switching power supplies, | KW, constant current/voltage [2 each]

UPS, 1400 VA, rack mount

Oscilloscopes, dud channd [3 each for atotd of 6 displayed channels]

VME chasss with logic power supply

Custom hardware developed —
Tactor decoders, signd selectors and drivers
Logic boards, for decoding and signd sdlection [5 each]
Driver boards, for sgnd amplification and drive current [5 each]
PET plug-in modules [80 each]
Op Amp plug-in modules [80 each]
Metrabyte/TL S interface board
VME/TLS interface board and remapping panel

Hight smulator

The UH-60 flight Smulator is a Sx-degree-of-freedom motion-based device designed for training
aviatorsin the use of the UH-60 Black Hawk helicopter. The device conssts of asmulator
compartment containing a cockpit with pilot and copilot stations, instructor operator (10) station and an
observer gation. The smulator is equipped with avisud system that Smulates natura environment
surroundings. A centrd computer system controls the operation of the smulator complex. The
smulator is used to provide training in aircraft control, cockpit preflight procedures, insrument flight
operations, visud flight operations, ding load operations, externd stores subsystems, night vison goggles
training, and ngp-of-the-earth-flight.

The amulator compartment houses the cockpit and 10 station. Within the cockpit are dl the
controls, indicators, and pandslocated in the arcraft. Controls that are not functiond are physicaly
present to preserve the appearance of aredigtic configuration. Loudspeakers are located in the
smulator compartment to Smulate audio cues. Each of the pilot’s seatsis vibrated individudly to
smulate both continuous and periodic oscillations and vibrations experienced by the crew during norma
and emergency flight conditions and maneuvers. However, these vibrations are isolated from the 10
and observer stations.

The smulator compartment is mounted on a 150 cm six degree- of-freedom motion system
conggting of amoving platform assembly driven and supported from below by six identica hydraulic
actuators. The motion system provides combinations of pitch, roll, yaw, laterd, longitudind, and vertica
movement. Motion of the smulator compartment can be controlled to Smulate motion due to pilot
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inputs as well as those resulting from rotor operation, turbulence, and changes in aircraft centre-of-
gravity, aswell as emergency conditions and syssem mafunctions. All motions, except pitch, are
washed out to the neutral position after the computed accel eration has reached zero. Fitch attitudeis
maintained as necessary to Smulate sustained longitudina acceleration cues. Motion can be frozen a
any ingant and the smulator has the ability to be programmed into a crash override mode where maotion
can continue despite impact with the ground or other obstacles.

The pilot and copilot sations are provided with forward, left, and right sde window displays. The
visud generation system congsts of two separate functiond areas. Thefirg isthe visud disolay system
that presents the wide-angle-collimating video image to the crew. The digital image generator system is
afull-colour visud display that providesimagery for day, night, and dusk scenes, aswell as replicating
the effects of the seerchlight/landing light onthe visud displays.

The computer system consists of a central processing unit and five auxiliary processing units.
Visud displays are controlled by digital image generator inputs that are modified by inputs from other
units such as the smulator navigation/communication identification subsystem, ingructiona subsystem,
and ar vehicle subsystems. The navigation and communicetion identification subsystem provides
position data for the aircraft that the amulator is replicating. Theingructiona subsystem forwards
information that detall the visud environment, scene lighting, and target paths through the database,
target datus, and landing light status. The air vehicle subsystem sends information relevant to the aircraft
postion rates, dtitude, and atitude. All of these inputs are stored in the shared memory of the main
smulator control computer.

Simulator results

In the two weeks prior to the flight demongrations, five pilots participated in 16 Smulator sessons
(Table 1). Four of these pilots subsequently flew the actud flight demondrations. Asshownin Tablel,
the first Smulator sesson for each pilot was used to learn how to use the tactile cues to fly the aircraft
and evduate the JSF TSASflight test plan.  Subsequent flights were used to develop and evauate the
tactile dgorithm and provide further training using tactile cues.
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Table1l. JSF TSAS smulator testing.

Date Hight Rilot Algorithm Hight Goas Comments/Results
02Sep97 | 01 CL 0.2/0.7/20 | TSASFamiliarization | Test Plan OK
Test Plan Evaluation
02Sep97 | 02 PM 0.2/0.7/20 | TSAS Familiarization | Test Plan OK
Test Plan Evaluation
03Sep97 | 03 AE 0.2/0.7/2.0 | TSAS Familiarization | Test Plan OK
Test Plan Evaluation | Increases SA
03Sep97 | 04 PM 0.3/0.7/2.0 | Evduate Algorithm Sensation of front tactors
not good
Prefers 0.3/0.7/2
03Sep97 | 05 CL 0.3/0.7/2.0 | Evauate Algorithm Null is better
04Sep97 | 06 PM 0.3/0.7/20 | Training Session Tactor fit not good
Missed forward tactors
04Sep97 | 07 AE No Tactors | Test Plan Evauation | Noidea, Violent crash
Without TSAS Tasksimpossible on
visud instruments aone
04Sep97 | 08 CL 0.3/0.7/2.0 | Training Sesson Tactors not good on right
Sde
04Sep97 | 09 AE 0.3/0.7/20 | Test Plan Evaluation | Completed al tasks as
With TSAS opposed to SIMO7
05Sep97 | 10 PM 0.3/0.7/2.0 | Training Sesson F/B o.k. L/R weak
05Sep97 | 11 CL 0.3/0.7/2.0 | Training Sesson
10Sep97 | 12 G 0.2/0.7/2.0 | TSAS Familiarization | Test Plan OK
Test Plan Evaluation
10Sep97 | 13 CL 0.2/0.7/2.0 | Re-check Algorithm
Training Session
11Sep97 | 14 G 0.3/0.7/2.0 | Training Sesson
11Sep97 | 15 CL 0.3/0.7/2.0 | Re-check Algorithm | Prefers 0.3/0.7/2
Training Sesson
11Sep97 | 16 JB 0.3/0.7/2.0 | TSAS Familiarization
Test Plan check-out
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From these smulator sessons, the tactile agorithm shown in Figures 11 and 12 was considered
adequate to meet project goals, and the JSF TSAS evauation flight test plan (Table 3) was considered
asafe and redigtic evaduation for the TSAS tactile display.
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Ted plan

Four pilots, three from the US Army, and one test pilot from the US Navy, participated in the flight
demondrations in the USAARL UH-60 aircraft, with gpproximately two flights per pilot. The series of
flight testsincluded:

System Function Test. These two flights occurred at USAARL, Ft. Rucker, Alabama, and these
flights checked system integration, TSAS functionality and GPS/INS signd accurecy.

Filot Familiarization Three of the pilots flew aflight that acquainted them with the operation of
TSASIn actud flight. The fourth pilot, who functioned as the safety pilot for dl the flights and who had
previous experience with TSAS, did not require a pilot familiarization flight. These flights occurred at
USAARL, Ft. Rucker, Alabama

TSAS Evduation These five aircraft flights occurred at NAS Pensacola, Pensacola, Florida, and
assesed the performance of TSAS in reducing workload and improving Stuation awarenessin difficult
flight conditions. Table 2 represents the JISF TSAS test event matrix.

Table 2. JSF TSAS tedt event matrix.

Flight Pilot Purpose L ocation
1 CL System Function USAARL
2 SG System Function USAARL
3 SG Rilot Familiarization USAARL
4 JB Filot Familiarization USAARL
5 CL Pilot Familiarization USAARL
6 CL TSAS Evaduation NAS Pensacola
7 JB TSAS Evduation NAS Pensacola
8 CL TSAS Evduation NAS Pensacola
9 SG TSAS Evduation NAS Pensacola
10 AE TSAS Evduation NAS Pensacola

TSAS evdudion flight

Thisflight conssted of typica visud meteorologica conditions (VMC) and smulated IMC (foggles
and obscured chin bubble) hover phases followed by an IMC ship operations phase with TSAS on and
TSAS off (Table 3) in the UH-60 helicopter. Data from these flights were used to evauate the
effectivenessof TSAS.
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Table 3. JSF TSAS evduation flight test plan.

Task Maneuver Time ALT (FT AGL)
A: VMC Hover Phase (TSAS ON):

1 Stationary In Ground Effect (IGE) hover  120sec 10

2 Left 180-degree hovering turn hover 20s after 10
3. Forward hover for 100 ft hover 20s after 10
4.  Rearward hover for 100 ft hover 20s after 10
5 Left sdeward hover for 50 ft hover 20s after 10
6 Right sdeward hover for 50 ft hover 20s after 10
7 Ascent to Out of Ground Effect (OGE) hover 20s after 70
8 Stationary OGE hover 120sec 70

9.  Forward hover for 100 ft hover 20s after 70
10. Rearward hover for 100 ft hover 20s after 70
11. Right 180-degree hovering turn hover 20s after 70

12. Left Sdeward hover for 50 ft hover 20s after 70
13. Right sdeward hover for 50 ft hover 20s after 70
14. Descent to IGE hover 20s after 10
15. Lad

B: IMC Hover Phase

16.
17.
18.
19.
20.
21.
22.
23.

Stationary IGE hover

Forward hover for 100 ft
Right 180 degree hovering turn
Left Sdeward hover for 50 ft
Ascent to OGE

Stationary OGE hover

Descent to IGE

Land

C. IMC Simulated Ship Operations Phase

24,
25.
26.
27.
28.
29.
30.
31
32.

Ascent to IGE hover

Left sdeward hover for 50 ft
Ascent to OGE hover
Takeoff to trandaiond flight
Approach to OGE Hover
Descent to IGE hover

Right sdeward hover for 50 ft
IGE hover

Land

(“Foggles’ ON, TSAS ON):

120sec

hover 20s after
hover 20s after
hover 20s after
hover 20s after
120sec

hover 20s after

10
10
70
10
70
70
10

(“Foggles’ ON, TSAS ON)

10
10
70
200
70
10
10
10



D. IMC Simulated Ship Operations Phase (“Foggles’ ON, TSAS OFF)

33. Ascent to IGE hover 10
34. Left sdeward hover for 50 ft 10
35. Ascent to OGE hover 70
36. Takeoff to trandationd flight 200

37. Approach to OGE Hover 70
38. Descent to IGE hover 10
39. Right sdeward hover for 50 ft 10
40. IGE hover 10

41. Land NOTE: Sdfety pilot flew traffic pattern to arrive on find leg in OGE hover.
Human factors metrics

Situation awareness

Situation awareness ratings were collected as dependent variables. No Stuation awareness metric
exigted that fit the precise needs of the task of hovering avertica lift aircraft in reduced outsde visud
conditions. A metric was adapted from the China Lake Situation Awareness (CLSA) scae (Adams,
1998). The modified CLSA was a criterion-driven metric that estimated subjective Stuation awareness
and each pilot rated each phase of the flight during the flight debrief (Table 4).

Table4. Modified China Lake Stuational awareness scae.

SITUATION AWARENESS INTERPRETATION
SCALE VALUE
Very Good  Full Knowledge of Aircraft Energy Sate/Mission
1  Full Ability to Anticipate/Accommodate Trends
Good » Full Knowledge of Aircraft Energy State /Mission
2  Partia Ability to Anticipate/Accommodate Trends
¢ No Task Shedding
Adequate  Full Knowledge of Aircraft Energy State/Mission
3 » Saturated Ability to Anticipate/Accommodate Trends
» Some Shedding of Minor Tasks
Poor  Fair Knowledge of Aircraft Energy State/Mission
4 e Saturated Ability to Anticipate/Accommodate Trends
» Shedding of All Minor Tasks as well as Many not Essentia to
Flight Safety/Mission Effectiveness
Very Poor * Minima Knowledge of Aircraft Energy State/ Mission
5 » Oversaturated Ability to Anticipate/Accommodate Trends
 Shedding of All Tasks not Absolutely Essentia to Flight
Safety/Mission Effectiveness
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Video debrief

Each pilot was debriefed via an interview after hisor her TSAS effectivenessflight. Table5
represents the interview questions.

Table5. TSAS video debrief interview.

Was the F-22 cooling suit comfortable?

Any suggestions for improvement of the F-22 cooling suit fit?

Could you fed the tactors?

Was the tactor Sgnd intengty strong enough?

Could you comment on tactor intengty during tactica conditions?

Weas the tactile information intuitive?

Was the tactile sensation annoying?

Please comment on workload during IMC shipboard operations?

Any suggestions for improvements of the tactors and/or tectile information?
Any further comments?

Datarecording

The TSAS NP-1 computer recorded the aircraft performance data from the C-MIGITS
GPS/INS, sdected aircraft indruments (atimeter), and the tactor activation for dl flights. Video
documentation of flight activitiesincluded two internd cameras, one view over the pilot’s shoulder, and
one out the front windshield. For TSAS Evauation flights at NAS Pensacola, video from the ground
was recorded and video telemetry of the over the pilot’s shoulder camerawas added. The video
telemetry system was added to dlow visting JSF personnel to view in-flight video of the TSAS
Evduation flights and conssted of a Broadcast Microwave Services, Inc., Model TBT-200-155T
system on the aircraft and a video monitor on the ground. Audio communications between the safety
pilot and the tower and from the aircrew were collected on dl flights on the video recorders.

Data reduction

Flight data reduction conssted of converting the binary data log files stored by the TSAS NP-1
processor to ASCII format. The resultant ASCII data files contained 60 channels of data, which are
converted to MatL ab format variables after digitd filtering with a zero phase 12th order Butterworth
low pass (0.5H2) filter. GPS data required conversion from World Geodetic Survey (WGS-84)
latitude and longitude to Universal Transverse Mercator (UTM) Eagting and Northing (ft).

Hight test results

Flight testing was conducted in accordance with the test plan described in Section 4.3. Phases A
and B were flown with TSAS on to demonstrate the use of TSASin VMC and IMC hover conditions.
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Phases C and D were smulated shipboard landings flown with TSAS on and off respectively, to
evduate the effectiveness of TSAS. Three of the four pilots flew smilar flight eventsto enable
comparison of results. For TSAS Evduation flight FPS, the pilot did not perform phase B, IMC hover
phase, and phase D, TSAS dff IMC shipboard operations due to time constraints. However, the FP5
test pilot did perform the TSAS on IMC shipboard operations (Phase C). Due to the incomplete data
st for FP5, the Situation awareness pilot ratings and flight data from FP5 are not included in the
andyss, however workload and subjective comments are included. Flight 3 (FP3) was the officid JSF
TSASflight demondration for invited guedts.

Situation awareness
Table 6 details the results of the Stuation awareness metric for the TSAS Evduation flights. All
pilots reported improved Stuation avareness during TSAS on IMC shipboard operations (Phase C) vs.
TSAS off IMC shipboard operations (Phase D).

Table 6. Stuation awareness pilot ratings.

Flignt | Pilot | Al | A2 | B1 B2 | C D
VMC Hover IMC Hover Shipboard | Shipboard
TSASOn TSASOn TSASOn | TSASOff
FPL |cL |1 1 2 25 |20 5
FP2 |B |1 1 2 2 2.0 4
FP3 oL |1 1 2 2 1.5~2.0 5
FP4  |sG |1 1 2 2 15 4

During phase D, TSAS off IMC shipboard operations, al project pilots reported either afar or
minima knowledge of the arcraft Sate with saturated ability to anticipate trends. One pilot commented,
“I had no ideawhat was happening” and another, * | would not attempt this maneuver in these
conditions.” In contrast, during phase C, TSAS on IMC shipboard operations, all project pilots
reported a full knowledge of the aircraft state with a partia ability to anticipate trends.

One of the pilots commented that “(I) noticed while flying smulated shipboard maneuversthat |
could fly safer, | had more cues.” Another pilot commented “(1) noticed at the high hover | depended
on the tactors more due to the reduced visibility. | could fed the tactors before | could detect visua
cues of movement.” Both these comments reflect the importance of the addition of tactile cues to the
traditiona visud cuesin mantaining Stuation avareness. All demondtration pilots reported that the
maintenance of Stuation awareness during reduced visud conditions was enhanced with TSAS.
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Workload

During the debriefs, dl pilots reported reduced workload during Phase C as compared to Phase D.
The knowledge of arcraft velocity and rate of change of velocity without looking a avisud instrument
permitted the pilot to concentrate on other instruments such as the dtimeter and mission tasks, thereby
reducing workload. The tactile instrument reduced pilot workload by providing the opportunity to
devote more time to other instruments and systems when flying in task saturated conditions. These
effects can subgtantialy increase misson effectiveness.

Two of the demongtration pilots commented “We could' ve used thisin Desert Storm.” One of the
demondtration pilots, at the JSF TSAS flight demongtration, stated that TSAS, without any further
development, would be preferable to the status quo. Another commented, “1 noticed that apilot's
capability was increased with TSAS.”

Pilot comments

Was the F-22 cooling suit comfortable?
All pilots reported that the F-22 cooling vest was comfortable. However, two of the pilots
remarked that the vest was regtrictive and that they had difficulty taking a deep breath.

Any suggestions for improvement of the F-22 cooling suit fit?
The addition of an adjustable dastic pand on both sides of the vest would permit a greater
range of chest movement.

Could you fed the tactors?
All pilots reported that they could fed the tactors dl the time.

Was the tactor intengity of sgnd strong enough?
All pilots reported tactor intengity strong enough in the vibration environment of a helicopter.

Could you comment on tactor intensity during tactica conditions?

One pilot responded, “In high stress environment, where there is sensory overload, or with high
threat Stuations, stronger tactile sensations would be more gppropriate. Even stronger tectile sensations
for criticd dtitude dert sgnaswould be very important.”

Another commented “1 seethat in Army tactica Stuations, persondly hovering over snow,
where helicopter drift isvery hard to detect, that the TSAS suit would make flight safer and easier
tofly. The TSAS vest could be the difference between success and amishap.”

“Tacticdly, when usang Night Vison Goggles (NVG) and hovering over an ail rig, over a
cawalk. Since Blackhawk is 65 ft wingtip to wingtip, | sit 20 ft behind that, and troops are 10 ft behind
me. Very important to know hdlicopter movement while troops are rappelling, jumping off, getting on.
Crew chief in the back can say move forward and with the vest | cantdl if | move forward.”
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“In combat, while firing mini-guns, the flash is blinding, NV G goggles turn off and | have aloss
of vison. The suit could let me know if | am drifting, and which direction that | am moving.”

“In combet, while taking incoming fire flying or hovering low to the ground, flash from missle
blagt, explosons gunfire and loss of vison is present. The suit could again let me know what the
helicopter isdoing dl thistimein relaion to the ground or hazards”

Weas the tactile information intuitive?
All pilots responded that the tactile information was very intuitive. Comments included:
“No thinking.”

“I didn’'t have to think.”
“(TSAYS) desgn gave ‘solid indications of drift.”
“Frequency Sgnd drength variations to identify the amount of hdlicopter drift was very hepful.”

Was the tactile sensation annoying?
All pilots responded that the tactile sensation was not annoying or distracting.

Please comment on workload during IMC shipboard operations?
All pilots responded that workload was reduced.

Any suggestions for improvements of the tactors and/or tactile information?

1. Postion Cue

“l would add the ability to pinpoint my locetion a will. Then | cantell if there are changes from
that persondly set point. Pinpointing is very important for control (of) the helicopter, while rappdling,
hoisting or hovering over water.”

“I would like to add that with the TSAS suit aircraft position is known (communicated) without
verbaly saying it between pilots and crew chief could bein the loop aswell.”

“Have a pinpoint set control, set at will. While hovering, set it then | can use that point asa
reference point for off loading troops viarepelling, fast roping, or egress.”

2. Altitude Information:

“I would suggest adding something to give dtitude information. Maybe on the left am -
controls of collective position. (1) rate of descent, (2) rate of ascent, (3) change in descent, (4) change
in ascent and (5) dtitude. While flying following terrain. Keeping above obstacles, but not over 100
feet where threats are.”

27



“Altitude control tactor, while flying with a minimum and a maximum attitude on gpproach on
arm and identifying drift up or down.”

Any further comments?

Other comments included:

“In multi-flight scenario, fatigue setsin, air crew coordination is decreased, minor task capability
is reduced, the suit would counteract this. Especidly cases of NV G flights, over water, or while
shipboard hovering.”

“In training with NV G, sudent isflying dl by themsdlves. Ingtructor with the suit on can monitor
correctness of the flight path of the student (following directions, drift, etc.) while checking the radio or
other ingruments.”

“Student can tell what direction they are moving while flying.”

“Adminidratively or in a controlled environment, non-verba communication with the crew is
possible (i.e. buzzing each other to report dl ready, or wait or emergency).”

Flight data

Using TSAS, pilots demongtrated improved control of aircraft during complex flight maneuvers.
The awareness of arcraft velocity over the ground or “drift” without looking at avisud instrument was
the biggest advantage of TSAS. Thisisillustrated in Figures 13 through 20, which contain data for the
four pilots (Table 6). Looking a the top of the flight data figures (Figures 13 through 20), there are two
red plots that show the aircraft path with TSAS ON (Phase C), the top left isa 3D view and the top
right is an overhead view. At the bottom of the flight data figures (Figures 13 through 20), there are two
blue plots that show the aircraft path with TSAS OFF (phase D) in both 3D and overhead views. The
orientation of the hdlipad icon (H) indicates the heading of the helicopter a the beginning of the
maneuver. For the 3D view, the helicopter isfacing away from the reader, and in the overhead view the
nose of the helicopter is orientated to the top of the page. Wind direction is shown asagray arrow.
The maneuver for the smulated shipboard take-off is described above, and congsts of an ascent to IGE
hover, followed by aleft sdeward hover for 50ft, then ascent to OGE hover and trangtion to forward
flight. The maneuver for the smulated shipboard landing is described above, and conssts of a descent
from OGE to IGE hover, followed by aleft sdeward hover for 50ft, stabilize at an IGE hover and then
land. The safety pilot was responsible for verbaly instructing the demonstration pilot on the sequence of
maneuvers. The intended maneuver is shown as a dashed black arrow in the overhead and 3D views.

Figure 13 displays the data for the smulated shipboard take-off with TSAS ON and TSAS OFF
for evauation flight, FP1. Looking a Figure 13, the pilot during TSAS ON initidly drifts rearward
during ascent to In-Ground Effect (IGE) hover. Aware of this drift the pilot stops the rearward drift
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during the IGE hover and then moves leftward in the correct direction to the Out of Ground Effect
(OGE) hover. Minimd horizonta drift of less than 10 ft occurs during the OGE hover and the pilot
departs on the correct takeoff heading. With TSAS OFF, the arcraft initidly drifts to the right during
the ascent to IGE, and then drifts rearward during the leftward hover, and during the ascent to OGE.
These drifts are undetected and uncorrected by the pilot and the aircraft ends up 40 ft behind the
correct takeoff point.
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Figure 13. FP1 smulated shipboard take-off (phases C and D).
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Figure 14 displays the data for the smulated shipboard landing with TSAS ON and TSAS
OFF for FP1 evduation flight. With TSAS ON, the pilot performs a safe correct landing under the

guidance of the safety pilot (Figure 14, red plots). With TSAS OFF, the pilot does not perform a safe

landing and the safety pilot takes control of the aircraft during this maneuver (Figure 14, blue plots).
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Figure 14. FP1 smulated shipboard landing (phases C and D).
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Figure 15 displays the data for the smulated shipboard take-off with TSAS ON and TSAS
OFF for evauation flight FP2. Looking at the red plots in Figure 15, the pilot with TSAS ON initidly
driftsright while ascending to IGE hover. Aware of this drift, the pilot compensates for theright drift
and moves |eft the correct amount to clear the smulated deck. No horizonta drift occurs during the
OGE hover and the pilot departs on the correct takeoff heading. With TSAS ON, the pilot performs a
safe, correct shipboard take-off. With TSAS OFF, the aircraft drifts forward during the ascent to IGE
hover, the rightward hover, and during the ascent to OGE hover. Also the helicopter driftsright during
the ascent to OGE hover. These drifts are undetected and uncorrected by the pilot and the aircraft ends
up 70 ft to the right and 70 ft in front of the correct takeoff location. The pilot in FP2 does not perform
asafe, controlled shipboard take- off with TSAS OFF-.
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Figure 15. FP2 smulated shipboard take-off (phases C and D).

Note that the heading direction was changed from TSAS ON to TSAS OFF so that the take- off
and landing were into the wind. In order to facilitate comparisons, the charts were normalized.
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Figure 16 displays the data for the smulated shipboard landing with TSAS ON and TSAS
OFF for FP2 evauation flight. With TSAS ON, the pilot performs a safe landing following the guidance
of the safety pilot (Figure 16, red plots). The descent to IGE hover is vertica with horizonta drifts of
gpproximately 10 ft. With TSAS OFF, the pilot does not detect the forward drift during descent from
OGE to IGE and during the IGE hover before the leftward hover. This undetected and uncorrected
forward drift is gpproximately 50 ft.
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Figure 16. FP2 smulated shipboard landing (phases C and D).

Note that the heading direction was changed from TSAS ON to TSAS OFF so that the take- off
and landing were into thewind. In order to facilitate comparisons, the charts were normalized.
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Figure 17 displays the data for the smulated shipboard take-off with TSAS ON and TSAS
OFF for evduation flight FP3. The TSAS ON takeoff is qualitatively the least accurate of the TSAS
ON take-offs. However, the pilot is aware of arearward drift and performs the leftward hover of 50 ft
to achieve a safe clearance from the amulated deck. A safe trangition to forward flight is achieved.
With TSAS OFF, the pilot performs afairly accurate maneuver until the aircraft drifts right 50 ft during
the OGE hover. This undetected rightward drift prior to the trangtion to forward flight resultsin
inadequate laterd clearance from the smulated deck, and in ared shipboard Stuation would result in a
mishap.
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Figure 17. FP3 smulated shipboard take-off (phases C and D).

The pilot in FP3 does not perform a safe, correct controlled shipboard take-off with TSAS OFF.
Knowledge of the arcraft drift during hovering is critica for safe flight.



Figure 18 displays the data for the smulated shipboard landing with TSAS ON and TSAS OFF

for FP3 evaduation flight.
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Figure 18. FP3 smulated shipboard landing (phases C and D).
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With TSAS ON, the pilot performs a safe landing following the guidance of the safety pilot (Figure
18, red plots). The descent to IGE hover is vertical with aleftward drift followed by a correction to the
right. A graight rightward hover in IGE completes the landing. With TSAS OFF, the pilot does not
detect arearward drift of gpproximatey 20 ft during the OGE hover. Asseen in other landings, when

TSAS was OFF, undetected drifts occurred.



Figure 19 displays data from the smulated shipboard take-off for TSAS Evdudtion flight
FP4, for both TSAS ON and TSAS OFF. For both TSAS ON and OFF, the pilot initialy drifts right
while ascending to IGE hover. With TSAS OFF, this drift is neither sensed nor corrected and increases
to approximately 20 ft (Figure 19, blue plot bottom right). The pilot then performs the |eft Sdeward
hover. With TSAS OFF, the left sdeward hover isin the correct direction, however, the undetected
rightward drift prior to the left hover resultsin inadequate latera clearance from the smulated deck. In
addition, with TSAS OFF, the aircraft drifts aft during ascent to OGE, undetected by the pilot. With
TSAS OFF, the pilot does not perform a safe controlled shipboard take-off. With TSAS ON, the pilot
performs the left hover but drifts rearward, however, aware of this backward drift, the pilot corrects by
moving forward on the ascent to OGE hover (Figure 19, red plot top right). While maintaining the OGE
hover, the pilot drifts to the right, however, aware of thisrightward drift, the pilot departsin aforward
and leftward direction (Figure 19, top right). Similar to the pilot in FP1, FP2 and FP3 with TSAS ON,
the pilot performed a safe, controlled and accurate shipboard take-off.
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Figure 19. FP4 smulated shipboard take-off (phases C and D).



Figure 20 displays the data for the smulated shipboard landing with TSAS ON and TSAS
OFF for FP4 evduation flight. Similar to the FP2 flight, the pilot with TSAS ON performs a safe
landing following the guidance of the safety pilot (Figure 20, red plots). The descent to IGE hover is
vertical with horizonta drifts gpproximately 10 ft. With TSAS OFF, the pilot does not detect the
rightward drift during descent from OGE to |GE and during the IGE hover before the rightward hover.
This undetected and uncorrected rightward drift is approximately 60 ft.

FP4 Landing 3D View (1) TSAS ON Overhead View
] 60
80 "] \\
40
~— - N wind direction
- T o 20 v
E /NMM S LN’
g a0 — T g LA
S \ £ Mi#t
& 3 ° LT
2 e
I 3 20— 2@{‘
- R
t———= i
50” B > \> JPIAN
0 5 50 \
. 50 50 -60
Longitudinal (ft) Lateral (ft) -60 -40 -20 Late r(; @ 20 40 60
3D View (2) TSAS OFF Overhead View
] 40
80 """ | \\ L\ {wind djrection
20 W\
2]
~ - -
- e = 0 o
g | S 17
p 40‘5 ] \ § jﬂ((r?‘v\
2 N~ I 5 20 A
< g
8 4 LAY
ol
0, — >
50 -60
0 5 50 i\
o 50 50 -80
Longitudinal (ft) Lateral (ft) -120 -100 -80 —f;)teral —(4;8 -20 0 20

Wind: 10 kts @ 190 deg.

Figure 20. FP4 smulated shipboard landing (phases C and D).



Discusson

The JSF TSAS flight demongtration fulfilled project test objectives and demondrated that atactile
ingrument could provide increased mission effectiveness and survivability in V/STOL drike aircraft.
Reaults from the JISF TSAS flight demondtration have shown that TSAS technologies have the potentid
to increase pilot Stuation awareness and reduce pilot workload, especidly during complex flight
conditionsin poor vishility. Usng TSAS, pilots demongtrated enhanced control of hover maneuvers,
relying on tactile cues for the necessary information.

The awareness of aircraft movement over the ground or “drift” without looking a avisud
ingrument was the most important feature of the JISF TSAS tactile instrument. An undetected drift of a
helicopter or V/STOL aircraft whilst hovering can leaed to a spatid disorientation mishap resulting in a
serious and coglly problem in terms of liveslog, arcraft lost and misson falure. With the incressing use
of night vision devices, the problem will only increase in magnitude. The JSF TSAS tactile instrument
using an 22 cooling vest and lightweight pneumatic tactors was optimized for hover conditions in poor
vighility. By providing horizonta drift information, the pilots were able to spend more time visLelly
atending to other digplays, including the dtimeter for dtitude control. This ability to spend moretime
visudly on other visud displays and using the tactile instrument for horizontal drift resulted in reports of
increased Stuation awareness and reduced workload. During IGE hover in VMC, the pilots used the
tactile cues as a secondary source of drift information, again resulting in reports of increased Stuation
awareness and reduced workload. During OGE hover in VMC, particularly in aress of limited contrast
such as the hdlipad from which this demondration was performed, the visua detection of drift becomes
harder due to theloss of close, clear visua cues and to the characteristics of height-depth perception
illuson (Headquarters, Department of the Army. 2000). Thetactile display was able to provide the
necessary drift information that allowed the pilot to spoend more time visualy on other instruments and
outside the cockpit. The TSAS tactile display permitted the pilot to concentrate on mission tasks,
thereby reducing workload. The relationship between Stuation awareness and performanceis not
direct, but can be foreseen. In generd, it is expected that poor performance will occur when situation
awarenessisincomplete or inaccurate (Enddey, 1995). With decreased pilot workload and enhanced
Stuation awareness, TSAS increases the potentia for improved performance of an aviator. Improved
performance in military aircraft trandates to improved survivability and misson capability. These effects
can increase misson effectiveness.

With the tactile cues provided by the TSAS tactile instrument, pilots were able to demondtrate
improved control of arcraft during complex flight conditionsin VMC and IMC conditions. Even though
the flight demonstrations were very successful in demongtrating that tactile instruments can solve
operationa problems, one must be cautioned in overusing the tactile instrument by trying to provide too
much information, thus diminishing the cgpability of the display. Thisis especidly important with the
current tactor and TL S technology. When the pilot felt atactile sensation with the JISF TSAS hover
display, only one aircraft variable was being communicated (vel ocity) and the position on the body
corresponded to the direction of that velocity, and the intengity of the sensation corresponded to the
magnitude. Thiswasasmple, easy-to-interpret tactile dgorithm that used current tactor and TLS
technology to solve a critica aviation problem and improve the safety of flight.
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These resullts confirm the previous findingsin a T-34 flight demondtration in that atactile display
provides excdlent warning of deviation from a desired state or null condition (McGrath et d., 1998).
By using the appropriate tactile dgorithm (tactor location with maxima separation and strong tectile
intengty) intuitive 3D direction and magnitude information can be provided.

A few technical problems reated to the sensor hardware were encountered during the test
program. As mentioned previoudy, strong emphasis was placed on the use of COTS equipment, which
led to the selection of civilian GPS and DGPS units. The GPS unit had drict antenna requirements,
which precluded the use of the indadled military aircraft GPS antenna. The DGPS unit received US
Coast Guard beacon sgnals from Mobile, Alabama, that proved intermittent at Ft. Rucker, Alabama,
goproximately 100 milesaway. Utilizing a dedicated passve civilian GPS antennaand moving closer to
Mobile (NAS Pensacola) solved these two problems, but the use of a military GPS unit with P-Code
(aswould be the case in afleet deployed TSAS) would aso diminate those two problems. No other
ggnificant technical difficulties were encountered during the flight test program.

F-22 cooling vest

One of the mgjor breakthroughs of the JSF TSAS project was the use of the F-22 cooling vest as
the TLS. The F-22 cooling vest solved both engineering and human factors/acceptability concernsfor a
TLS. Firg, the F-22 cooling vest TLS was lightweight and snug fitting when properly worn, and inflated
dightly when connected to the cooling ambient air, which ensured a constant contact pressure of the
pneumatic tactors on the torso. Coupled with the reduced weight of the pneumatic tactor compared to
the “pager motor” tactor used in the previous two TSAS military aviation test projects (Rg et d.,
1998a; Rq et al., 1998b), the pilots did not report any lost tactor sensation. Two of the larger pilots
commented that additiona € astic would improve the comfort even more. From a human factors
perspective, the F-22 vest was exceptiona because the pilots wanted to wear it. The circulating cooling
ar climate control was appreciated by dl pilots and was instrumenta in overcoming the very important
aviator culture criticiam that “I don’'t want to wear another piece of equipment.” Thisisavery red
problem as the modern aviator is tasked to carry/wear alarge amount of equipment. Without aviator
acceptance, the tactile instrument will be limited in its devel opment.

The F-22 cooling suit was avest (Figure 9) that provided a good fit around the torso. This
coverage of the torso was more than adequate for the presentation of helicopter horizonta velocity. It
alowed the placement of two tactorsin each direction , thus providing increased stimulation and
redundancy — avery critica featurein aviation. To expand the role of the vest to include orientation
information during forward flight (perhaps presented as a single tactor or a collection of tactorsin the
direction of down, as demonstrated in previous TSAS test projects) an expanded coverage vest is
required to include the upper torso region. The current vest does not provide a snug fit sufficient to
maintain tactor contact with the body in the upper torso (chest and back).

Condlus ongrecommendations




The TSAS flight demongtration exceeded project test objectives and demonstrated that a tactile
display could provide increased mission effectiveness and survivability in V-STOL strike aircratt.

TSAS technol ogies have shown the potentid to increase pilot SA and reduce pilot workload,
especidly during complex flight conditions. Using TSAS, pilots demonstrated enhanced control of
hover maneuvers, incdluding trangtions to and from forward flight in degraded visua conditions, relying
on tectile cues for the necessary information The awareness of aircraft movement over the ground or
“drift” without looking at avisua insrument was the most important feature of TSAS. Thetactile
display provided the opportunity to devote more time to other instruments and systems when flying in
task saturated conditions. TSAS permitted the pilot to concentrate on mission tasks, thereby reducing
workload. These effects can substantialy increase mission effectiveness.

Previous flight test programs dso have proven the effectiveness of tactile displaysin norma flight
regimes (draight and leve flight, standard rate turns, ground- controlled approaches and unusud attitude
recoveries) in both fixed and rotary wing aircraft. Overdl, TSAS flight demongtrations have shown that
atactile display can decrease pilot workload, enhance pilot SA, and increase the potentia for
survivability and lethdlity.

To achieve acomplete solution to the problem of spatid awareness mishaps, tactile ingruments
must be integrated with advanced visud displays and audio systemsinto a synergistic Situation
awareness ingrument. This integrated solution represents the basis for the next-generation human-
meachine interface for military and commercid arcraft. Development of mode- switching software
mechanisms for the tactile instrument will aso be applicable to advanced HMD and 3D audio displays.
The mode-switching software must be adaptive and "smart” about which information to present; and
how, when, what, and where to provide that information. The switching software will facilitate the
eventud integration of visud, audio, and tactile displays into a Stuation awareness display that will
provide the right combination of information at the right time by the right sensory channel(s).

To fully redize the potentid of TSAS, the further development, testing, and evauation of the

following technology areas and the human factors implications need to be pursued:

Integration of tactile instruments with helmet mounted displays and 3D audio displays.

Significant improvement in tactor technology.

Tactor integration with flight garments.

Miniaturization of al TSAS components.

Improve JSF hover tactile gorithm to include dtitude and position cues.

Deveopment of “smart” software to enable intelligent switching between various modes of

gtuation awareness informeation.
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Acronyms

The following lists dphabeticaly the acronyms used in thisthess.
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ADS
AFCS
AFSOC
AGL
AlS
CLSA
COTS
CSS
DGPS
EAI

FET
FSIPT
GCA
GPS
GPSINS
GUI
HMD
HUD
IGE
IHADSS
IMC

INS
INS/GPS
10

JSF
MFD
MSL
NAMRL
NATOPS
NASA
NAWC-AD
NVD
NVG
OGE
ONR
RTCM-SC 104

SA
SBIR
Sv-2
TCLS
TLS

Aeronautica Design Standard

Automatic Hight Control System

Air Force Specid Operations Command

Above Ground Leve

Airborne Instrument System

China Lake Situation Awareness
Commercid-Off- The- Shelf

Coadtal Systemns Station

Differentid Globd Postioning Sysem
Engineering Acoudtics, Inc.

Feld Effect Transstor

Flight Systems Integrated Product Team
Ground Controlled Approach

Globd Pogtioning Sysem

Globa Postioning Systenvinertid Navigation System
Graphicd User Interface

Head Mounted Display

Heads-Up Display

In-Ground Effect

Integrated Helmet and Display Sighting System
Instrument Meteorologicad Conditions

Inertid Navigation System

Inertid Navigation Systenv Globd Postioning System
Instructor Operator

Joint Strike Fighter

MultiFunction Displays

Mean Sea Level

Naval Aerospace Medical Research Laboratory
Nava Air Training and Operating Procedures Standardization
Nationa Aeronautics and Space Adminigtration
Nava Air Warfare Center — Aircraft Divison
Night Vison Device

Night Vison Goggle

Out of Ground Effect

Office of Naval Research

Radio Technicd Commission for Maritime Services, Specid
Committee 104

Stuational Awareness

Smadl Business Innovative Research

Survivd Vest — 2

Tactor Control Laboratory System

Tactor Locator System

V)



TSAS

us
USAARL
USD

UTM
UWF-IHMC

VMC
VME
V/STOL
WGS

Tactile Stuation Awareness System

United States

United States Army Aeromedical Research Laboratory
Unrecognised Spatia Disorientation

Universal Transverse Mercator

Univerdty of West Horida, Indtitute for Human and Machine
Cognition

Visud Meteorologica Conditions

VersaModule Europa

Verticd Short Take Off and Landing

World Geodetic Survey



